Bacterial keratitis is the most common type among all types of infectious keratitis. Currently, antibiotics are the main-stay of treatment. The objective of this systematic review is to review published clinical studies which discuss the adjunctive treatment of bacterial keratitis to guide clinical decision-making. We reviewed the role of a variety of medications and surgeries which can help in managing bacterial keratitis complications, which include as thinning, perforation, and impaired wound healing. We have included appropriate animal and laboratory studies, case reports and case series, and randomized clinical trials regarding each therapy.
Introduction

B
acterial keratitis is the most common type of infectious keratitis and accounts for approximately 65%-90% of all microbial keratitis. [1, 2] Bacterial keratitis is one of the most serious ocular infections and may lead to devastating complications. [3] Early and prompt medical treatment is needed to avoid complications. The goal of adjuvant therapies is to improve visual and anatomical outcomes. However, limited information exists on the efficacy and safety of these types of therapies, their outcomes, such as vision and epithelial healing, and complications such as corneal melting, perforation, and vascularization.
In this paper, we examine the evidence for bacterial keratitis adjunct therapies, with specific regards to outcomes and complications. Corneal stromal collagen cross-linking and corticosteroid are not included here because they are covered by other articles in this issue.
Methods
PubMed was searched for "adjunct therapy" and "bacterial keratitis," as well as specific types of treatment. Abstracts and original articles were reviewed.
Povidone-iodine
A 5% povidone-iodine (PVI) is a complex of polyvinylpyrrolidone and triiodide ions that is widely used as a preoperative disinfectant before ophthalmic surgery to reduce the risk of infection due to its broad-spectrum microbicidal effect against bacteria, virus, parasites, and fungi. [4, 5] The free iodine part of PVI (0.1%, 1%, and 5%) is a strong oxidizing agent that inhibits cell growth and destabilize membrane integrity of host cells and microorganisms through immediate irreversible inhibition of mitochondrial dehydrogenase and intracellular esterase activity. [6] Katz et al. [7] performed a randomized clinical trial (RCT) of povidone in 358 patients with microbial keratitis. Patients with corneal ulcers were randomized into two groups, receiving either standard antibiotic therapy alone (173 patients) or standard therapy plus PVI 2.5% every 2 h for 2 weeks (185 patients).
Patients were followed for 2-4 months following treatment initiation. Almost two-thirds of patients in both groups had a final corrected visual acuity of 20/20 in the affected eye. Nearly 43.8% of patients in standard antibiotic therapy group improved by four or more lines, whereas only 31.7% of patients in PVI group improved by four or more lines. Regarding final visual acuity, 3.9% in the standard therapy and 6.9% in the PVI group had corrected visual acuity worse than 20/400, whereas 9.4% in the standard therapy and 13.1% in the PVI group had corrected visual acuity worse than 20/60. With regard to corneal scar formation, the difference was not statically significant.
Gregori et al. [8] performed a small RCT on the effect of 5% PVI (Betadine) versus placebo (preservative-free artificial tears) on effectiveness to decrease bacterial counts before starting antimicrobial agents. Eighteen patients were randomized to Betadine group and 17 to the placebo group. Bacterial culture was performed before and after application of one drop of PVI or preservative-free artificial tears. Initially, 44% were culture-positive in PVI group versus 53% of control group (P = 0.16). Seventeen percent of patients who received PVI showed fewer bacterial colonies on culture after the drop, whereas 41% of patients in the placebo group had fewer colonies. The difference was not statistically significant (P = 0.15). Their study showed that a single application of 5% PVI drop did not reduce bacterial load. This poor effect may be due to the lack of deep penetration of PVI into the deep corneal stroma.
These two RCTs suggest that PVI, in two different concentrations, has no significant beneficial effect either on established bacterial keratitis or in reducing bacterial load.
Hyperbaric Oxygen Therapy
Hyperbaric oxygen therapy requires breathing of pure oxygen (~100%) at a pressure found on the surface of the earth at sea level, which is defined to be one atmosphere absolute through oxygen mask. [9] Currently, hyperbaric oxygenation has been used as an adjunctive treatment for ophthalmic diseases such as central retinal artery occlusion, nonhealing corneal edema, anterior segment ischemia, and rhino-orbital-cerebral mucormycosis; and nonophthalmic diseases related to hypoxic conditions. [10] Price and Stevens [11] reported hyperbaric oxygen therapy in a patient with rhino-cerebral mucormycosis who had not responded to medical treatment to improve tissue oxygenation and prevent acidosis to achieve a better survival rate in a patient who had refused any surgical options.
To the best of our knowledge, no RCTs are available in the literature that discusses the effect of hyperbaric oxygen therapy in bacterial keratitis. Chong et al. [12] reported a 30-year-old female with culture-proven soft contact lens associated Pseudomonas keratitis who was getting progressively worse despite topical, oral, and intravenous antibiotics. On her 3 rd day, hyperbaric oxygen therapy was started for 90 min daily in addition to her antibiotics therapy. Twenty-four hours later, her vision improved from counting fingers to 6/24. Hyperbaric oxygen therapy continued to complete a course of 3 days. Patient discharged with the vision of 6/9.
Further studies into the therapeutic effect of hyperbaric oxygen therapy as adjunctive therapy to antibiotics are needed to prove its clinical efficacy and to determine the safe dose to avoid ocular and systematic complications.
Cyanoacrylate Glue
Cyanoacrylates are esters of cyanoacrylic acid which is used as a tissue adhesive in the closure of impending or frank corneal perforations, to avoid or postpone keratoplasty. It is available in different preparation which include butyl-2-cyanoacrylate (Indermil; Sherwood, Davis and Geck, St. Louis, MO, USA); butyl-2-cyanoacrylate (Histoacryl; BBraun, Melsungen, Germany); N-butyl-2-cyanoacrylate (Histoacryl Blue; BBraun, Melsungen, Germany); N-butyl-cyanoacrylate (Nexacryl; C l o s u r e M e d i c a l , R a l e i g h , N C , U S A ) ; a n d 2-octyl-cyanoacrylate (Dermabond; Closure Medical, Raleigh, NC, USA). Biocompatibility of cyanoacrylate is directly related to the number of carbon atoms and length of the alkyl chain. However, the tensile strength of N-butyl-cyanoacrylate (e.g., histoacryl) is greater than longer chain (e.g., octyl-cyanoacrylate/dermabond). [13] In addition to its structural support and ability to address perforations mechanically, cyanoacrylate also inhibits epithelial collagenase through inhibition of polymorphonuclear leukocytes and can have affects against bacteria as well. [14] Eiferman and Snyder found a bacteriostatic effect of butyl-2-cyanoacrylate glue against Gram-positive bacteria both in vitro and in vivo but did not find any activity against Gram-negative organisms. [15] They found that the maximum activity was before polymerization. It is believed that the lipopolysaccharide capsule, which surrounds the cell wall of Gram-negative bacteria, may act as a barrier to the glue.
De Almeida Manzano et al. [16] studied the in vitro antimicrobial properties of ethyl-cyanoacrylate against different microorganisms: Staphylococcusaureus (resistant to multiple antibiotics, including methicillin); Staphylococcus aureus; coagulase-negative Staphylococcus sp.; Streptococcus pyogenes; Streptococcus pneumoniae; Pseudomonas aeruginosa (resistant to multiple antibiotics); P. aeruginosa; Escherichia coli; and Enterococcus faecalis, by culturing on different appropriate solid culture media and placing ten drops of ethyl-cyanoacrylate on each plate. Each plate was incubated for 24 h. Bactericidal activity was determined by measuring the inhibition zone if present. Bactericidal analysis showed the most bactericidal activity against S. pneumoniae. Other species demonstrated less bactericidal activity, and ethyl-cyanoacrylate had no effect on either strain of P. aeruginosa.
Cyanoacrylate has several potential roles as an adjunct therapy for bacterial keratitis. It is certainly helpful for mechanical closure of the world and stabilization of corneal perforations from infectious and noninfectious etiologies, including corneal melting from immune mechanisms. It appears to possess antibacterial activity against a number of bacterial species, and further investigation would improve our understanding of this benefit.
Amniotic Membrane Transplantation
Amnion part of human placenta has anti-inflammatory, anti-fibrosis, anti-angiogenesis, and antibacterial properties. [17] It also promotes reepithelization by reinforcing basal epithelial cell adhesion, induction of epithelial cell migration, promotion of both differentiation and proliferation of conjunctival and limbal epithelial progenitor cells, prevention of epithelial apoptosis, and reduction of keratocyte apoptosis. [18, 19] Furthermore, amniotic membrane (AM) can reduce pain associated with the epithelial defect. [18] AM has been used in different ocular pathologies such as conjunctival surface reconstruction (e.g., pterygium removal), [20] persistent epithelial defect, [21] and chemical injury. [20] The main use of AM in bacterial keratitis has been to promote wound healing, such as for persistent epithelial defects following presumed adequate antibiotic treatment. The basement membrane of amniotic membrane resembles the basement membrane of conjunctiva and cornea, which works as a scaffold for epithelial cells migration and as a mechanical protection against friction with eyelid movement. Furthermore, AM contains growth factors such as transforming growth factor (TGF) α, TGF β1, β2, and β3, human chorionic growth factor, epidermal growth factor (TGF), and β fibroblast growth factor, which promote epithelial differentiation and prevent apoptosis. AM also contains collagen Type IV, V, and VII, in addition to laminin and fibronectin. Collagen Type V helps the epithelial cell to anchor to the corneal stroma. Laminin aids in adhesion of epithelial cells to the stroma. The role of fibronectin is to facilitate epithelial cell migration, adhesion, and cellular differentiation. [19, [22] [23] [24] In a rat model of microbial keratitis due to S. aureus, Barequet et al. and associates found less corneal haze and neovascularization after using AM with antibiotic in comparison to antibiotics alone. [25] Several studies have examined the beneficial effect of AM for wound healing in bacterial keratitis. Chen et al. [26] published a retrospective case series of patients who had rapid healing of epithelial defect following application of AM, after pseudomonas-related bacterial keratitis. Five patients out of six had a rapid reepithelization; one patient required evisceration. Gicquel et al. [27] conducted a prospective interventional case series of the effect of AM on corneal healing and reduction of inflammation after microbial keratitis in twelve patients. All of them achieved complete reepithelization after one or two AM transplantations. Sheha et al. [28] reported similar results in three patients.
Kheirkhah et al. [29] conducted a prospective interventional case series (14 eyes) with retrospective controls (11 eyes), comparing the role of AM applied after 2-3 days of antibiotic therapy with patients who received antibiotic therapy alone for Pseudomonas keratitis. Cryopreserved AM was used in a combined technique, in which an inlay graft is placed on top of a damaged basement membrane, followed by an overlay patch to cover the whole cornea. They found that equal healing time and best-corrected visual acuity in cases and controls, but better uncorrected visual acuity and less corneal scar density in the AM group.
Mohan et al. [30] published a prospective interventional case series on 28 eyes. They found that complete reepithelization was achieved within 1 month in 82% of patients with 25% of eyes requiring keratoplasty. Unfortunately, the lack of a control group makes the outcomes of this series difficult to interpret. Table 1 summarizes publications using AM as an adjunctive therapy for bacterial keratitis. Although the results in some series look promising, the lack of a comparison group in almost all the studies makes interpretation of the benefit of AM difficult to impossible. A randomized controlled study is warranted to help determine the potential benefits of this adjunct therapy.
Matrix Metalloproteinases Inhibitors
Bacterial keratitis can lead to stromal thinning secondary to extracellular matrix destruction by elaboration of degradative proteases. Matrix metalloproteinases (MMPs) is one group of proteases, which include collagenases, gelatinases, and stromelysins. [32, 33] Inhibition of MMPs may be helpful in the prevention of stromal destruction. Proposed MMP inhibitors which have been proposed for use in microbial keratitis include tetracyclines, acetylcysteine, ascorbate, and sodium ethylenediaminetetraacetic acid. Currently, no RCTs were performed to prove their efficacy on human corneal tissue in bacterial keratitis. In fact, despite MMP inhibition being proposed as a beneficial adjunct to corneal ulceration since the late 1980s, there is a paucity of publications involving animal models or humans reported in the literature.
The only MMP inhibitor data involving microbial keratitis in humans found on literature search is doxycycline. McElvanney [33] reported two cases of culture-proven pseudomonas bacterial keratitis treated oral doxycycline 100 mg twice daily, in addition to topical ofloxacin 0.3% and ceftazidime 5%. He found that stabilization of corneal melting occurred, but this report offers little or nothing in regard to evidence of the benefit of doxycycline.
Despite in vitro data and suppositions that MMP inhibitors may be beneficial, more data are needed overall. Well-performed RCTs are needed for promising agents.
Mitomycin C
Mitomycin C (MMC) is an antimetabolite isolated from Streptomyces caespitosus. It is converted in tissues into an alkylating agent and results in DNA alkylation in all phases of the cell cycle. Furthermore, it inhibits RNA and protein synthesis. [34] MMC has been used in refractive surgery to reduce postoperative corneal haze and scaring due to its anti-fibroblast activity. [35, 36] Kwan et al. [37] found that MMC has a broad-spectrum antimicrobial activity against a broad range of bacteria including E. coli, S. aureus, and P. aeruginosa in both rich and minimal media.
The results thus obtained from laboratory studies are limited. Clearly, further research will be required to validate any beneficial or harmful effect of MMC on human corneas in bacterial keratitis.
Autologous Serum Eye Drops
Autologous serum eye drops have beneficial effects on the corneal epithelium because it contains growth factors, vitamins, and immunoglobulins. [38] It lacks antigenicity since it is typically prepared without preservatives and is derived from the patient's own serum. Serum eye drops have been used for severe dry eyes, [39] persistent epithelial defects, [38] and superior limbal keratoconjunctivitis. [40] Several prospective series have suggested a therapeutic effect on noninfectious-related epithelial defect with different concentrations of serum blood serum system (range between 20% and 100%). However, none of these publications have included a comparison group, and hence, it is difficult to impossible to determine if there was a beneficial effect. Table 2 lists these studies and their results.
Cryotherapy
Currently, cryotherapy is still used in variety of ophthalmological diseases such as ocular surface squamous neoplasia, retinopathy of prematurity, retinal breaks, anterior chamber epithelial downgrowth, eyelid warts, and glaucoma surgeries. Cryotherapy produces a stimulus which causes a sudden decrease in the local tissue temperature and metabolism, which results in bacterial death and may activate an immune response.
Alpren et al. [41] found cryotherapy as an effective bactericidal treatment on experimental pseudomonas-related keratitis in 42 eyes of guinea pigs and rabbits, either alone or in combination with topical antibiotics. Eyes were divided into two groups. They used one freeze-thaw cycle for 6 s followed by topical antibiotics for one group, and antibiotic (tobramycin) alone for the second group. When the corneas were cultured, they found that all corneas treated with tobramycin alone had positive bacterial cultures, whereas 57% (24 of 42 eyes) had no growth on cultures after the cryotherapy followed by tobramycin.
Eiferman et al. [44] reported three cases of perforated Pseudomonas corneal keratitis with a scleral extension which were treated with penetrating keratoplasty and cryotherapy to the remaining cornea and sclera. All of the cases showed dramatic improvement.
Based on animal studies, cryotherapy can have a potentially beneficial effect on bacterial keratitis reaching the sclera. More research about cryotherapy on the human cornea is still necessary before obtaining a definitive answer for its efficacy and safety on human corneas, especially endothelial damage.
Conjunctival Flap
Many authors consider the conjunctival flap as a biological patch because of its protective, tropic and analgesic properties. [45, 46] Using conjunctival flap to treat corneal disease was first described by Gundersen. [45] Srivastava et al. [47] performed a conjunctival flap for 37 eyes with central and eccentric perforation <4 mm in diameter with or without iris prolapse. The conjunctival flap was successful in 30 cases in saving the eye for future penetrating keratoplasty. They found that the outcome depends on the site, site of perforation, and any cataractous lens changes. A retrospective, noncomparative case series was reported by Khodadoust and Quinter [48] involving fifty eyes that had a conjunctival flap for the treatment of chronic corneal ulcers. At the time of conjunctival flap, 19 of 50 eyes had a perforated corneal ulcer, whereas 31 eyes had not perforated. Eleven patients had bacterial keratitis. They found that 94% of the patients had a stable conjunctival flap for up to 2 years. Sixty-one percent of patients received a corneal graft 6-24 months postoperatively. Unfortunately, there was no information about the outcomes of the corneal graft after conjunctival flap. 
Cycloplegic
Cycloplegic medications are commonly used to relieve the pain and to prevent posterior synechia formation that is often associated with iritis accompanying bacterial keratitis. Currently, there are no recorded randomized clinical studies investigating the effect of cycloplegic agents on bacterial keratitis.
Discussion
This paper presented information on adjunct treatments for bacterial keratitis. Unfortunately, despite a tradition of using these kinds of agents in microbial keratitis, there is little evidence of benefits in the literature. Studies should be carried out to enhance the study whether these kinds of treatments can improve the anatomical and visual outcomes of bacterial keratitis. [42] 70
Prospective clinical pilot study Closure and recurrence of epithelial defect after using 20% serum BSS every hour 57 eyes (81%) healed within 3-45 days. 48 eyes (84%) had no recurrence during a follow-up of more than 8 months Lekhanont et al., 2013 [43] 181
Single-center, prospective, and interventional study
Rate of complete healing of the corneal epithelial defect and incidence of adverse events after using 100% serum BSS every 2 h 93.92% of eyes healed. Mean time of complete reepithelization was 4 days BSS: Blood serum system
